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In R parity conserving supersymmetric theories, the lightest superpartner (LSP) is stable. The LSPs may
comprise a large fraction of the energy density of the current universe, which would lead to dramatic astrophysical
consequences. In this talk, I will discuss some of the main points we have learned about supersymmetric models
from relic abundance considerations of the LSP.
1. Introduction
Astrophysicists have long been telling us that
the universe is mostly made up of dark matter.
Modern analyses, which take into account the
subtleties of large scale structure formation, big
bang nucleosynthesis, and observations of how
galaxies rotate, have largely condensed to one
common conclusion: most of the dark matter is
probably stable weakly interacting massive parti-
cles (WIMPs) [1].
While the astrophysics community was com-
ing to grips with the properties of the dark mat-
ter, the supersymmetry community was working
on its own problems. In the early 1980’s it was
rst recognized that the proton would decay too
quickly if all allowed gauge invariant renormaliz-
able operators in the superpotential had order one
strength. A discrete symmetry was postulated
which eradicated these unwanted baryon and lep-
ton violating interactions [2]. The postulated
symmetry, R-parity, gave a positive charge to all
standard model states, and negative charge to all
superpartner states. The name \R-parity" is a
somewhat unfortunate name since the symmetry
is not intrinsically R-symmetric but rather an or-
dinary global discrete symmetry valid for the su-
perelds (all matter elds are negatively charged,
and all Higgs elds are positively charged). (A
better name perhaps would have been \Matter
parity", however stare decisis dictates that we
continue using R-parity.)
It was soon realized that R-parity conservation
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also implies that the lightest superpartner is sta-
ble. A short cognitive leap from this understand-
ing is the realization that there might be many of
these stable particles still hanging around the uni-
verse. In 1977 several authors demonstrated how
to estimate the relic abundance of stable particles
(stable neutral leptons were of primary interest
then) which were in thermal equilibrium with the
photon bath in the early universe [3]. The con-
nection between that work and the existence of a
stable neutral supersymmetric particle was quick.
Weinberg [4] was one of the rst (in print) to make
the connection when he made the following ancil-
lary comment in his gaugino masses paper: \...
there is no clear conflict [of the photino’s mass]
with cosmology, and we have a hint that photinos
may provide an important ’dark’ contribution to
the cosmic mass density." Soon after that Gold-
berg [5] presented his paper on neutralino relic
abundance.
2. R-parity
Many useful papers have followed Goldberg’s
work, and many important points relating to neu-
tralino dark matter have been discovered, rened
and debated. One important debate is the origin
of R-parity. R-parity is overkill since it banishes
both baryon and lepton number violating oper-
ators, when in reality only one need be erased.
(Proton decay, of course, proceeds via baryon and
lepton number violation.) Therefore R parity is
not unique in stabilizing the proton. Other dis-
crete symmetries such as \baryon parity" can do
the job as eectively [6]. Furthermore, the appli-
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bated. Detractors have several arguments rang-
ing from \why should global symmetries exist", to
the catalepsy inducing \worm holes violate global
symmetries." Of course no one would argue with
accidental global symmetries which are based on
particle content and gauge symmetries. Several
authors have focused on the gauge symmetry part
and have discovered that continuous gauge sym-
metries can spontaneously break down to a dis-
crete gauge symmetry [7].
From the low energy perspective the only dif-
ference between a discrete gauge symmetry and
a discrete global symmetry is the former must
identically solve a set of discrete anomaly dio-
phantine equations. It turns out that R-parity is
the only Z2 discrete symmetry which is anomaly
free given the minimal supersymmetric particle
spectrum [8]. Practitioners devoted to simplicity
and the pree¨minence of gauge symmetries can-
not help but be impressed with R-parity as the
solution to the proton stability question. The
work-horse continuous gauge symmetry which
could give rise to R-parity is U(1)B−L. Any
group which contains U(1)B−L has the poten-
tial to spontaneously break down to the standard
model plus R-parity as long as the order param-
eter is of the right conjugacy class [9]. Candi-
date groups include the well-motivated SO(10),
SU(4), SU(2)L  SU(2)R, and more. Nature
could well give us R-parity conservation from
these higher rank groups. More progress will
surely come to light on how motivated R-parity is
for the low energy theory. Without ever consid-
ering the positive ramications of supersymmet-
ric dark matter, R-parity still survives as a likely
candidate symmetry to protect the proton from
decaying too quickly.
3. What is the LSP?
I’ll assume R-parity conservation for the rest of
the talk, and therefore the LSP is stable. What’s
the LSP? This review is on gravity mediated the-
ories, however it should be pointed out that if
supersymmetry is broken at low scales then the
gravitino could be the LSP [10]. Depending on its
mass it too could be a dark matter candidate but
it is warm dark matter rather than the more pre-
ferred cold dark matter which cosmologists nd
so appealing. Nevertheless, in low-energy break-
ing supersymmetry theories cold dark matter can-
didates can be found such as the messengers in
theories which communicate the supersymmetry
breaking via gauge interactions [11]. I won’t dis-
cuss such theories further, and will only focus on
the gravity mediated case. Part of what I am im-
plying by \gravity mediated" is the assumption
that the gravitino is heavy and irrelevant for our
discussion and that no other states exist near the
weak scale except MSSM states.
If we just write down the most general softly
broken supersymmetric lagrangian with standard
model gauge symmetries and R-parity conserva-
tion, we nd that there are over one hundred free
parameters corresponding to the masses, flavor
mixing angles, and CP violating angles. Numer-
ous simplications are often imposed such as uni-
versality among scalar masses and among gaugino
masses at the high scale, flavor angle alignment
with the standard model CKM angles, and zero
CP violating phases beyond the single phase in
the CKM matrix. Not all of these restrictive as-
sumptions are necessary simultaneously in many
of the points that I will outline below. Unless
otherwise stated, I will always assume that gaug-
ino mass unication occurs at the high scale. In
most cases it is straightforward to generalize re-
sults when the simplifying assumptions are aban-
doned.
The dark matter is probably not charged [12],
so that leaves us with two possibilities for the
dark matter: a sneutrino or the lightest neu-
tralino. There are several problems with the sneu-
trino as a dark matter candidate. First, it in-
teracts rather eciently with ordinary matter,
and if it constitutes much of the dark matter
in our galactic halo then it should have already
been detected up to the TeV mass range [13].
This covers a lot of ground in the sneutrino pa-
rameter space. More importantly, such high su-
persymmetry masses call into question the nat-
ural solution to electroweak symmetry breaking
provided by supersymmetric theories. Second,
renormalization group analyses demonstrate that
there always exists at least one neutralino lighter
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80 GeV [14]. This statement is valid for any posi-
tive intrinsic soft supersymmetry breaking scalar
masses at the high scale. At such low mass,
the sneutrinos could not provide an interesting
amount of dark matter (they annihilate very e-
ciently through the Z boson). Being SU(2) part-
ners with left-handed charged leptons, signatures
at FNAL and LEPII should rule out the entire re-
gion below 80 GeV from slepton production and
decay. Therefore, it is likely that sneutrinos are
not the cold dark matter of the universe.
On the other hand, neutralinos provide a very
nice dark matter candidate. For one, they usually
come out the lightest particle given a survey over
minimal model boundary conditions at the high
scale [15]. Second, the composition is almost pure
bino, which means that it doesn’t couple at full
SU(2) strength to the Z boson. The bino is al-
most pure bino for several reasons. The renormal-
ization group equations for gauginos dictate that
the lightest gaugino at the weak scale be the bino.
It is a factor of two lighter than the wino. The
neutralino is a mixture of the bino, wino, and two
higgsino states which scale roughly with the  pa-
rameter. The  parameter is a mass parameter in
the Higgs potential that must be at precisely the
correct value such that at the minimum of the po-
tential mZ = 91:19 GeV. The minimization con-
ditions depend on the values of tan, m2Hu and
m2Hd . Usually, m
2
Hu
gets renormalized to rather
large negative values scaling like the heavy top
squark mass. To compensate for this large nega-
tive value, the 2 term in the potential must be
large and positive, and it is typical that jj is
substantially larger than the bino mass parame-
ter. Therefore, a state which is mostly bino is the
lightest neutralino. Of course, this is a conclu-
sion based on the minimal model, but it has wide
range of applicability in non-minimal models as
well. I will briefly discuss later the implications
of non-minimality.
4. Mass limits from relic abundance
A mostly bino LSP is highly desirable [16],
since, as noted above, it doesn’t interact well with
the Z boson. Therefore, annihilations of two bi-
nos into the Z boson are not ecient and the bi-
nos fall out of equilibrium faster, having a rather
large relic number density. It is of course general
for any WIMP; if it annihilates eciently then
there are few leftover today. A non-relativistic
particle’s number density falls rapidly if it con-
tinues to stay in equilibrium with the photons.
However, once it freezes out of equilibrium (inter-
actions can’t keep up with the expansion of the
universe) then it no longer tracks the equilibrium
number density all the way to zero. In fact, the
relic density scales inversely proportional to its
annihilation rate. Since by dimensional analysis
the annihilation rate must scales as 1=m2susy, and
therefore the relic abundance scales as m2susy . It
should be no surprise then that as the supersym-
metry breaking masses go higher and higher then
the relic abundance gets too large. (That is the
mass density calculation is incompatible with the
Hubble constant and current age of the universe.)
Therefore, there must be an upper limit to msusy .
This upper limit can be illustrated nicely in
the case of a pure bino. For this case we assume,
somewhat realistically, that the only other rele-
vant light particles in the spectrum are the right-
handed sleptons. In this case, msusy of the previ-
ous paragraph becomes a complicated function of
the slepton mass and the bino mass. Drees and
Nojiri [17] showed that in this model the light-
est neutralino and right handed sleptons had to
be below 200 GeV in order to not become incon-
gruous with cosmological data. This remarkable
result places an upper limit on two superpartner
masses from physical principles alone. In other
words, no insubstantial netuning criteria need
be placed on the electroweak symmetry breaking
equations to obtain upper limits on the super-
partner masses.
It is probably not realistic to assume that na-
ture agrees with a pure bino LSP model. More de-
tailed model analyses which solve the electroweak
symmetry breaking equations and all the renor-
malization group equations of the minimal model
(perhaps also not realistic) maintain the general
result that superpartner masses are cuto by relic
abundance requirements. In Fig. 6 of ref. [15] one
can see the eect of the relic abundance constraint
on the superpartner spectrum. The eect is most
4easily visualized by 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a particular value and then increasing the scalar
masses to higher and higher values. Since the
(mostly) bino of the minimal model does not cou-
ple well with the Z, its main interactions are by
t-channel slepton and squark exchange. As these
scalar masses get higher the annihilation rate de-
creases and the relic abundance increases. At
suciently high scalar mass the relic abundance
becomes unacceptably large, indicating a cuto
in how the scalar masses can go. On the other
hand, if the scalar masses are xed in value, and
the gaugino masses are raised, other catastrophic
problems arise. For example, the LSP might be-
come charged (usually the right-handed slepton),
or the electroweak symmetry breaking equations
have no correct solution. In any event, there is
a cuto in the superpartner masses. The fact
that cosmological arguments such as the above
can yield upper limits to the superpartner spec-
trum is one of the most important things we have
learned.
There are many ways to study how non-
minimality aects dark matter viability, or how
dark matter viability aects non-minimal mod-
els. Certainly it is important to study how non-
universal scalar masses interplay with dark mat-
ter. This is done by Arnowitt in these proceed-
ings [18]. Other ideas include playing around
with the neutralino mass matrix to see if other
equally attractive dark matter particles come out.
A theme permeating all these types of analyses is
the requirement that the lightest neutralino not
interact with the Z. Both the photino and the
bino, long-studied dark matter candidates, sat-
isfy this requirement. Other possibilities include
the zino [19], sterile neutralino [20] and the sym-
metric higgsino [21,22]. By sterile neutralino I
mean an additional degree of freedom in the neu-
tralino mass matrix (such as the superpartner to
a new Z 0 gauge boson or singlet Higgs).
5. Higgsino dark matter
Realization that a weak-scale higgsino could be
a legitimate dark matter particle is a rather recent
development. One way to obtain an higgsino as
the lightest neutralino is to make jj much less
than the gaugino parameters in the neutralino
mass matrix. A very low value of  will create
a roughly degenerate triplet of higgsinos. The
charged higgsino and the neutral higgsinos can
all coannihilate together with full SU(2) strength,
allowing the LSP to stay in thermal contact with
the photons more eectively, thereby lowering the
relic abundance of the higgsino LSP to an in-
signicant level. These coannihilation channels
are often cited as the reason why higgsinos are
not viable dark matter candidates. This claim is
true in general, but there are two specic cases
that I would like to summarize below that allow
the higgsino to be a good dark matter candidate.
Drees et al. have pointed out that potentially
large one-loop splittings among the higgsinos can
render the coannihilations less relevant [22]. Un-
der some conditions with light top squark masses,
one-loop corrections to the neutralino mass ma-
trix will split the otherwise degenerate higgsinos.
If the mass dierence can be more than about 5%
of the LSP mass, then the LSP will decouple from
the photons alone and not with its other higgsino
partners, thereby increasing its relic abundance.
Another possibility [21] relating to a higgsino
LSP is to set equal the bino and wino mass to
approximately mZ . Then set the − term to less
than mW . This non-universality among the gaug-
inos and particular choice for the higgsino mass
parameter, produces a light higgsino with mass
approximately equal to , a photino with mass
at about mZ , and the rest of the neutralinos and
both charginos with mass above mW . There are
no coannihilation channels to worry about with
this higgsino dark matter candidate since it no
other chargino or neutralino mass is near it. The
value of tan is also required to be near one so
that the lightest neutralino is an almost pure sym-
metric combination of ~Hu and ~Hd higgsino states.
The exactly symmetric combination does not cou-
ple to Z boson. The annihilation cross section
near tan  1 is proportional to cos2 2. The
relic abundance scales inversely proportional to
this, and so the nearly symmetric higgsino in this
case is a very good dark matter candidate. Note
that there are no t-channel slepton or squark di-
agrams since higgsinos couple to squark propor-
tional to the fermion mass. Because the higgsino
5mass is below mW , the top quark nal state is
kinematically inaccessible, and so the large top
Yukawa cannot play a direct role in the higgsino
annihilations.
This non-minimal higgsino dark matter candi-
date described in the previous paragraph was mo-
tivated by the e+e−γγ event reported by the CDF
collaboration at Fermilab [23]. The non-minimal
parameters which leads to a radiative decay of
the second lightest neutralino (photino) into the
lightest neutralino (symmetric higgsino) and pho-
ton also miraculously yield a model with a good
higgsino dark matter candidate.
It should be noted that LEPII should be able
to nd the higgsino dark matter candidate. This
is true because the higgsino mass must be below
mW in order to be a viable dark matter particle,
and other charginos and neutralinos should have
masses which hover around mW . If its mass is
higher than mW then the W
+W− annihilation
channel opens up at full SU(2) strength with no
suppressions, leaving the density of relic higgsinos
too small to be signicant. (It is also possible that
the higgsino could be in the multiple TeV region
where it would start to again perhaps become a
good dark matter candidate.) This is the reason
that LEPII will be able to verify or rule out the
light higgsino dark matter idea after it has taken
data above 190 GeV.
6. Conclusion
Finally, there is still much to be done both ex-
perimentally and theoretically on the dark matter
question. Experimentally, table top experiments,
neutrino telescopes, cosmic ray detectors, etc.,
could all start becoming sensitive to supersym-
metric neutralino relics in the next few years [24].
Currently, they typically fall a few orders of mag-
nitude away from the expected signal. There
is also more work to be done in the theoretical
community. For example, demonstrating how R-
parity can arise naturally from a string theory or
from an elegant grand unied theory would be
an interesting development which should predict
ramications for other phenomenological aspects
of the model (extra Z 0, or exotic D-term eects).
High energy colliders in the near future might be
the rst to detect the dark matter from decays
of superpartners. However, to demonstrate that
stable particles on detector time scales are real
dark matter candidates that live at least as long
as the age of the universe requires experiments
specically devoted to the task.
REFERENCES
1. V. Trimble, Ann. Rev. Astron. Astrophys.
25 (1987) 425; P. Sikivie, Nucl. Phys. Proc.
Suppl. 43 (1995) 90.
2. G. Farrar, P. Fayet, Phys. Lett. B 76, 575
(1978); S. Dimopoulos, H. Georgi,Nucl. Phys.
B 193, 150 (1981); N. Sakai, T. Yanagida,
Nucl. Phys. B 197, 83 (1982); S. Weinberg,
Phys. Rev. D 26, 287 (1982).
3. B. Lee, S. Weinberg, Phys. Rev. Lett. 39,
165 (1977); M. Vysotskii, A. Dolgov, Ya. Zel-
dovich, Pisma Zh.Eksp.Teor.Fiz. 26 (1977)
200; P. Hut, Phys. Lett. B 69, 85 (1977).
4. S. Weinberg, Phys. Rev. Lett. 50, 387 (1983).
5. H. Goldberg, Phys. Rev. Lett. 50, 1419
(1983).
6. L. Ibanez, G.G. Ross, Nucl. Phys. B 368, 3
(1992).
7. L. Krauss, F. Wilczek, Phys. Rev. Lett. 62,
1221 (1989); A. Font, L. Ibanez, F. Quevedo,
Phys. Lett. B 228, 79 (1989).
8. L. Ibanez, G. Ross, Phys. Lett. B 260, 291
(1991).
9. S. Martin, Phys. Rev. D 46, 2769 (1992) and
Phys. Rev. D 54, 2340 (1996).
10. P. Fayet, Phys. Lett. B 70, 461 (1977); Phys.
Lett. B 86, 272 (1979); Phys. Lett. B 175,
471 (1986).
11. S. Dimopoulos, G. Giudice, A. Pomarol,
Phys. Lett. B 389, 37 (1996).
12. J. Basdevant, R. Mochkovitch, J. Rich,
M. Spiro, A. Vidal-Madjar, Phys. Lett. B
234, 395 (1990).
13. T. Falk, K. Olive, M. Srednicki, Phys. Lett.
B 339, 248 (1994).
14. E. Diehl, G.L. Kane, C. Kolda, J.D. Wells,
Phys. Rev. D 52, 4223 (1995).
15. G.L. Kane, C. Kolda, L. Roszkowski,
J.D. Wells, Phys. Rev. D 49, 6173 (1994).
16. L. Roszkowski, Phys. Lett. B 262, 59 (1991).
617. M. Drees, M. Nojiri, Phys. Rev. D 47, 376
(1993).
18. See R. Arnowitt, these proceedings, and
P. Nath, R. Arnowitt, hep-ph/9701301.
19. A. Gabutti, M. Olechowski, S. Cooper,
S. Pokorski, L. Stodolsky, Astropart.Phys. 6
(1996) 1.
20. B. de Carlos, J. Espinosa, hep-ph/9705315.
21. G.L. Kane, J.D. Wells, Phys. Rev. Lett. 76,
4458 (1996); K. Freese, M. Kamionkowski,
Phys. Rev. D 55, 1771 (1997).
22. M. Dress, M. Nojiri, D. Roy, Y. Yamada,
Phys. Rev. D 56, 276 (1997).
23. S. Park, \Search for new phenomena at
CDF," 10th Topical Workshop on Proton-
Antiproton Collider Physics, edited by Ra-
jendran Raja and John Yoh, AIP Press, 1995;
S. Ambrosanio, G. Kane, G. Kribs, S. Martin,
S. Mrenna, Phys. Rev. Lett. 76, 3498 (1996)
and Phys. Rev. D 55, 1372 (1997).
24. G. Jungman, M. Kamionkowski, K. Griest,
Phys. Rept. 267, 195 (1996).
